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rr'hc objective of this investigation was to evaluate the effec t. of 
therr:1aJ -Htc>chnni\:'nl process i ne; on the exfoliation corrosion res istunee 
of an aluminun:-zinc -magnes ium-copper alloy. The aluminum alloy us<:-d. 
was commercially a,·o.i lable 7178 aLloy in t'-ro . thicknesses, 0 . 390 in,.. h 
thick and 0.250 inch thick. This material was reduced lOJ 25 and l,o-p 
in thickness irl lJo th the annealed and solu tlon ~eat treated condit~o t' G . 
Tbe m:,tterial was then aged to a high strerl{Sth conditio:-1, T6, or T3, in 
tl·e case of the matr~rial reduced in thr. solu.:.ion heat treated concli tl on. 
'Ehe effect Clf the thcnnal-mechanil"al proce:.w ine Ot't t:.he f'xfoliat ion 
corrosion rcsisV:mce was then evaluated by c~xposing 3 by 6 inch ~;peel­
mens to both an iutcrn1i ttent acidified salt spray~ t est and a salt opra.v 
plus sulfur dioxide gas test . 
Increasing alilounts of mechanical deformation Jf materinl in the 
!?OlUt ion heat treated :-:ondition resulted in p-rogressively l ower 
resistance to exfoliation corrosion. As t1w aruounL of' deformation 
o"f the anneale d material iocrea5ed to a point wh~re recrystallizatio n 
resulted durin~; the st;usequent Bnlution hcnt treatrnentJ the exfolintil)H 
corrosion resistance ibproved. 
The aging sched ulcs developed for the T8 cond l tion resulted in 
strenc;ths equivalent. to the hip,h strength ·rG conci.iLlon without sip;nifl-
cnnt losses ln ~uctility. 
It was also acmonutrated that the salt svray plus sulf'ur diox i , 1c 
test was a c ons idera'bl,y more severe exfoliation t,rst environment tll11:. 
the intertnittent acidified salt spray tesL 
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A. Statement of Problem 
Commercial and military aircraft make liberal use of high strength 
aluminum alloys in structural applications . One such high strength alloy, 
aluminumrzinc-magnesium-copper (7178), is used e~ensively on exterior 
skins , primarily wing skins . This alloy in the high strength condition 
(T6) has been reported to be s usceptible to exfoliation corrosion (1,2,3,4), 
primarily around countersunk fastener holes. Exfoliation corrosion mani-
fests itself in blistering and delamination of the metal surrounding 
£astener boles, which results in degradation of the structural integrity 
of the part and consequently expensive replacement or repair of such parts . 
Special aging procedures have been developed (5,6, 7,8) to improve the 
resistance of alloys found susceptible to exf'oliation cor rosion. However, 
these special aging treatments result in a reduction in the strength of 
the alloy which i mposes weight penalties when using the special condition 
i n designing aircraft parts . 
]b_ Reason For Selection 
To design weight efficient aircraft structure using the high strength 
aluminum alloy (7178), a need exists to improve the exfoliation corrosion 
resistance of this alloy without impairing the mechanical properties. The 
exfoliation corrosion resistance can be improved by any of three techniques: 
(a) by changing the fabrication techniques whi ch a,ffect the microstructure 
of the alloy to one which is not susceptible to exfoliation; (b) excluding 
the corroding environment by means of coatings or protective treatments; 
(c) or by means of special aging treatments which result in lo~<rer mechanical 
properties . 
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This study will attempt to improve the exfoliation corrosion resis-
tance of the 7178 aluminum alloy, without reducing the strength, by 
developing a T8 condition that results in a macrostructure which is not 
susceptible to exfoliation corrosion. The T8 condition is achieved by 
cold working the material after solution heat treatment and water 
quenching but prior to aging. 
Previous investigators (9) have f ound this approach to be successful 
in improving the fatigue strength and stress corrosion resistance of the 
similar 7075 aluminum alloy. 
Susceptibility to exfoliation corrosion -will be evaluated by exposure 
to an acidified salt spray and a more severe test which consists of a 
continuoas spray of 5% sodium chloride with periodic additions oT sulf ur 
dioxide gas . 
The aging cycle will be monitored Usine ~ockwell hardness testing 
and electrical conductivity tests. 
II • HISTORICAL BACKGROUND 
A. Exfoliation Corrosion 
1. Reported Incidences 
3 
Exfoliation has been observed in many aluminum alloy systems . 
One of the first documentations of exfoliation corrosion in this 
country was by Reinhart (2) in 1954. Reinhart reported inter-
granular attack accompanied by exfoliation in commercial and 
military aircraft wing skins fabricated from alclad and bare 75S- T6 
and alclad 24S-T3 . The attack generally originated around £astener 
holes in areas of the wing swept by exhaust gases from the engines. 
Lead bromide was among the products of combustion and was suspected 
to be the chief cause of this corrosion. Other reports of exfol-
iation damage to aircraft structures (1, 4) followed the same pattern~ 
L. e. ;, inter granular corrosion accompanied by internal corrosion 
prod~cts which forcibly expanded unaffected surface areas . The 
attack was always associated with fastener holes, and followed a 
laminar pattern along grain boundries thereby degrading the 
structural integrity of the metal. Exfoliation attack in less 
advanced stages showed as blisters below painted surfaces. Early 
attempts to repair or inhibit exfoliation corrosion proved to be 
only temporary. 
2. Definition and Envirorunent for Exfoliation Corrosion 
Exfoliation corrosion~ also referred to as layer, stratified 
or lamellar corrosion is defined by Lifka and Sprowls (3) as "A 
particular form of corrosion resulting from a rapid lateral attack 
along a selective, electrochemically anodic path, parallel to the 
JP9tal surface . - - - This directional attack results i n a leafing 
action aggravated by voluminous corrosion products that cause 
uncorroded strata to be split apart. •r Therefore, the three pre-
requisites necessary to cause exfoliation corrosion are a 
preferential anodic corrosion path, a markedly directional grain 
structure (grains elongated and th5:-n compared to width), and a 
sufficiently aggressive corrosive environment . 
Chloride ions from seawater, bromide ions from combustion 
products of gasoline aircraft engines, aqidic deposits, flue gases 
and industrial fumes (3,ll) were all found to be important chemical 
. 
factors in an environment aggress_ive enough to cause exfoliation 
corrosion in aluminum alloys . It was also determined that AlC13 
was the chief corrosion product . Under total immersion conditions 
AlCl3 is soluble . However, when an environment permits l,ntermittent 
drying, insoluble hydrates ar~ formed which exert considerable pres-
sure and result in delamination. 
B. Effect of Quench Rate and Aging Procedures on. Exfoliat ion Corrosion 
Many investigators (10,12-15) have reported on the effect of quench 
rate from the solution heat 'treating temperature on the microstructure ·of 
aluminum alloys . In general, there is a precipitate free zone (PFZ) adjacent 
to grain boundries after agj.ng. The -width of this zone is dependent on the 
solution treating temperature, quench rate and aging temperature . Slower 
quench rates and higher aging temperatures generally lead to a wider PFZ . 
1--t; was concluded that the w.ider the PFZ, the greater the susceptibility 
to intergranular corrosion. Fink and Willey (10) showed the critical 
temperature range during quenching of 75S was between 750°-550°F . lhey 
found that in this temperature range, quench rates of 800°F/sec or great€r 
were required to achieve the desired strength characteristics. Corrosion 
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resistance was not impaired until a quench rate as low as 200°F /sec 
existed. At quench rates between 200°F/sec and 120°F/sec pitting was 
the predo:rili.nate corrosion mode in NaCl. At quench rates between 120°F / 
sec and 80°F/sec both pitting and 1.ntergranular corrosion occurred. At 
rates between 80°F/sec and l0°F/sec intergranular corrosion predominated. 
They concluded that ~ntergranular corrosion resulted from preferential 
attack o£ the solid solution adjacent to the grain boundries which is 
anodic to the material within the grains. 
Two theories are presently available to explain the width of the PFZ 
after heat treatment. The original theory was that the PFZ was an area 
of solute deplet?-on due to diffusion of the solute to grain boundaries 
during quenching. Embury and Nicholson (16) maintain the PFZ is an area 
of vacancy depletion which results from diffusion of vacancies to grain 
boundar~es during quenching rather than solute depletion and propose that 
it is the vaGancy density ·and distribution~ich governs the nucleation 
of preci~tate. Investigators (12-19) generplly agree on the hardening 
mechanism in aluminum alloys, . i.e., GP zone formation to intermediate 
precipitate to equilibrium precipitate. Later work by Lorimer and 
Nicholson (14) and Clark (18) showed that both the solute depletion theory 
and the vacancy depletion theory are valid and the determination of which 
mechanism predominates is a functi on of the aging temperattire and the alloy 
system. 
Special aging treatments (5,7~8) or double ·aging (15,17) treatments 
tend · to equilize the potential ·difference b~tween the PFZ and the remainder 
of the grain such that corrosion is more uniformly distributed. This results 
in less concentrated attack along the grain boundaries and exfoliation 
corrosion does not occur. 
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C. Test Methods to Determine Susceptibility to Exfoliation Corrosion 
Original methods used to access the susceptibility of an alloy system 
or condition to exfoliation corrosion were atmospheri c exposure tests. 
These tests were of long duration, extending up to two years sometime to 
develop the necessary attack. Budd and Booth (20,21) developed a rapid 
potentiostatic test for assessing susceptibility to exfoliation corrosion. 
This test was successfully correlated to atmospheric exposure tests, but 
the area evaluated was so small that metallographic examination was required 
to assess the results . 
An accelerated acidified salt spray test was developed by hifka and 
Sprowls (3) to determine susceptibility to exfoliation corrosion. This 
test consists of exposure to a spray of 5% NaCl solution buffered to pH3 
with acetic acid, applied in cycles and followed by drying cycles. The 
drying cycles allow the corrosion products to dry and to exert pressure 
which produces delamination. The test is run at elevated temperatures, 
95°-l20°F, and exposure time is generally from two to four weeks. 
A much more severe test for producing exfoliat1on corrosion bas recently 
been developed (22, 23). This test consi sts of a continuous spray of 5% NaCl 
with periodic additions of so2 gas to the exposure chamber. The test is 
run at 95 °F for about t wo weeks . This test has produced exfoliation 
corrosion in specimens which showed no exfoliation corrosion when exposed 
to the acidified salt· spray tests (23). 
D. Thermal-Mechanical Processing of Aluminum Alloys 
It has been reported (3) that fabrication techniques Which affect 
the grain shape of a product can affect its exfoliation corrosion resis-
tance. Lifka, Sprowls and Kaufman (6) report that 7178-T6 aluminum alloy 
heavy plate, 0 .150 i nches to 0 . 750 i nches in thickness, has a fabrication 
1 
sequence which c auses the recrystallized texture (grain shape) to be 
optimized for the development of exf'oliation corrosion. Pl ate within 
that thickness range was therefore selected for evaluati on of the thermal-
mechanical processing techniques ~ich were employed during this study. 
Metcalfe (ll) exposed specimens of aluminum-magnesium-silicon and 
aluminum-copper~magnesium-silicon to a variety of industrial, seacoast, 
and rural atmospheres and evaluated their effect on the intergranular 
corrosion resistance after 3,6,12,18 and 24 months. He also plastically 
deformed some specimens 5% from each alloy system. For the first 6 months 
the plasti cally deformed specimens of aluminum-magnesium-silicon had better 
resi stance to i ntergranular corrosion than the undeformed specimens . 
Between 6 months and 18 months the corrosive attack on the deformed spec-
imens accelerated and was more severe than on the undeformed specimens . 
The corrosive attack on the deformed and undeformed specimens of aluminum-
copper-magnesium-silicon was the same. 
Embury and Nicholson (16) maintain that plastic deformation prior to 
aging can affect tbe precipitation pattern in the PFZ since the plastic 
deformation will. affect the vacancy concentration and distribution. Rosenbaum 
and Turnbull (13) showed that cold work prior to aging resulted in formation 
of preci pi. tates close to grain boundaries. They maintain that the cold 
work increases the number o.f nuclei and thus reduces the width of the PFZ . 
Benedyk (24) ·plasti cally deformed an aluminum-magnesium-silicon alloy 90% 
and then double aged the specimens. Significant strength increases resulted 
which he attributed to increased precipitation resulting from the additional 
number of nucleation sites created by the plastic deformation. 
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McEv~ly, Snyder and Clark (25) working with an alurrUnum - lO% 
magnesium alloy showed that cold reductions of 5% and lO% prior to aging 
had no effect on the precipitation pattern or width of the PFZ. A 50% 
cold reduction prior to aging eliminated the PFZ, and caused precipitation 
along grain boundari es. The mode o£ fatigue failure changed £rom inter-
granular to transgranular in the 50% cold reduced material . However, tile 
plastic deformation and the distri bution of precipitates was not uniform. 
McEvily, Clark and Bond (9) working with a basic 7000 ser i es aluminum 
alloy system (Al-5. 5Zn-2. 5Mg) showed that a 50% cold reduction markedly 
increased the alloy !s resis~ance to stress corrosi on cracking and had a 
small beneficial effect on the fatigue strength. The cold work i nduced 
additional nucleation sites adjacent to grain boundaries and strengthened 
the grain boundaries by work hardening and creation of jags along the 
boundaries . 
III . DISCUSSION 
A. Experimenta~ Procedure 
1. Material Selection 
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Commercially available 7178 aluminum alloy was used for this 
evaluation. Plate material in thicknesses of 0.390 and 0 . 250 inches 
was se~ected because it was reported (6) that heavy plate in this 
thickness range had a fabrication sequence which optimized the grain 
texture for the development of exfoliation corrosion. The chemical 
composition r equired by the procurement specification for this material 
and as determined by spectrographic analysis is shown in Table I. 
The starting materia~ consisted of seven panels 7 inches wide and 
12 inches in length of the 0 . 250 inch thick stock and eight panels of 
the same dimensions of the 0.390 inch thick stock. All material was 
in the annealed condition . 
2 . Processing Prior to Reduction 
Three panels of each thickness were solution heat treated in a 
sodium and potassium nitrate salt bath by heating to 870°F ! 10°F~ 
holding at temperature for one hour and quenching in 70°F water prior 
to mechanical. processing . One panel of each thickness was left in the 
annealed condition to se.rve as a control panel to be heat treated along 
with the panels which were cold worked. One panelJ 0 . 390 inches thick 
was maintained in the annealed condition through all testing. 
3. Mechanical Deformation 
Three annealed and three solution heat treated panels were then 
reduced by passing through a rolling mill to obtain the desired amount 
of reduction. One panel of each condition and of each thickness was 
reduced lO~J 25~ and 40~ of its original thickness . The rolling mill 
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TABLE I 
CHEMICAL COMPOSITION - 7178 ALUMINUM ALLOY 
TEST SPECIMENS 
Specification Test Material 
Element VR1ue QQ-A-250 0.250 Inch 0 . 390 Inch 
Min. Max. Thick Thick 
Zinc 6 . 3 7-3 6.5 6 . 6 
Magnesium 2.4 3-1 2 . 55 2 . 7 
Copper 1.6 2 . 4 1.75 1.65 
Manganese 
-
0.30 0 . 08 0 . 07 
Chromium 0.18 0 . 40 0.25 0.19 
Iron 
-
0.70 0.26 0.24 
Silicon 
-
0.50 0 .11 0 .11 
Titanium 
-









Bal. Bal. Bal . 
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employed is shoYn in Figure 1, and consisted of (a) two high strength 
polished rolls, (b) a rigid frame to support the rolls, (c) a motor to 
drive the rolls, {d) a mot or-generator po~er supply, and (e) electrical 
control instruments for the drive motor. Frictional forces ~hich develop 
between the specimen and t he rolls in a mill having sufficient rigidity 
and horsepower pull the specimen between the rolls. When these forces 
develop and the specimen is thicker than the gap betYeen the rolls, the 
specimen is plastically deformed by the rolls to a thickness which is 
approximatelY equal to the height of' the gap. 
The specimens cold rolled in the annealed condition are identified 
with an A pr ior to the specimen number. The specimens reduced in the 
solution beat treated condition are identified with a W prior to the 
specimen number. The 0 . 250 inch thick starting stock was identified 
by means of an X following the condition code and specimen number. 
The reduction schedule and the number of rolling passes re~uired 
to obtain the desired thickness is shown in Table II. 
4. Processing Subsequent to Mechanical Deformation 
After cold working, the materi al reduced in the annealed condition 
was solution heat treated at 870°F for one hour and water quenched. 
It was desired to age bot h sets of' material to the high strength con-
dition . For the material cold reduced in the annealed condition and 
solution heat treated after rolling , this would be the T6 condition. 
The T6 condition i s achieved by aging at 250°F + 10°F for 24 to 28 
hours. For the material cold reduced in the solution heat treated 
condition, the high strength condition would be the T8 condition for 
which no aging schP-dule was availabl e. 
12 
~r • I : { ; . 





Specimen Thickness Condition Reduction No. of Thi ckness 
No . (Inches ) (~) Passes (Inches) 
A4 0.390 Annealed 0 0 0.390 
.A2 10 1 0 . 349 
A3 25 3 0.281 
Al 40 5 0 . 241 
W4X 0 . 250 0 0 0.250 
A4X 10 1 0.225 
A3X 25 2 0.187 
A2X 40 3 0 .147 
Wl 0.390 Solution 10 2 0.352 
J 
Heat Treated 
W3 25 5 0 .297 
W4 40 9 0 . 239 
W2X o.r 10 1 0 . 226 
W3X 25 3 0 .189 
WlX 40 5 0 .149 
There~ore, t~ent~ one inch by one inch specimens ~ere cut from 
each of' the test panels including the control panels of each thickness~ 
Each of the twenty test blanks .f'rom each panel and condition were then 
placed in an electrically heated aging furnace operating at 250°F ! 5°F. 
One specimen :from each condition was removed :from the .furnace after 
1, 2, 3, 4 and 5 hours of aging. Af'ter the first 5 hours of aging, 
specimens were removed from the :furnace every two hours, up to 27 hours 
o:f aging time . The Rockwell "B" hardness and electrical conductivity, 
as measured in percent of the International Annealed Copper Standard 
(%IACS) was recorded for each specimen . The hardness and electrical 
conductivity are plotted versus aging time in Figure 2 thru Figure .15 
The electrical conductivity was determined by means of a Magnatest 
FM-100 electri cal conductivity unit. 
This approach was taken to develop an aging schedule :for the 
material cold reduced in the solution heat treated condition . This 
material woUld have a more rapid aging response due to the cold work. 
The criteria used to select the proper aging time was to select an 
aging time where the hardness and electrical conductivity of the T8 
specimens was comparable to the hardness and electrical conductivity 
of the T6 specimens . 
An aging time of 17 hours at 250°F was selected to produce the 
T8 condition. 
The remainder of each panel was then aged :for the required length 
of time to produce the high strength condition. 
After aging, tw~ three inch by six inch exfoliation corrosion test 
specimens were cut from each panel. A minimum of two tensile specimens 
were also prepared from each panel. The results of the tensile tests 
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FIGURE 6 - Hardness and Electrical Conductivity versus Aging Time for Specimen Wl 
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MECHANICAL PROPERTIES OF PROCESSED SPECINENS 
Ultimate Yield Tensile Elongation 
Specimen Reduction Tensile Str. Strength in 2 Inches 
No. (%) (KSI) (KSI) (%) 
Speci:fication 
-
78.0 68.0 8 
Minimum 
A4 0 88.6 80 .8 12.5 
A2 10 87.9 81 . 4 11.7 
A3 25 89. 6 80 . 5 15.0 
Al 40 89.1 80 .0 13 .0 
Wl 10 88.8 80 .8 13 .0 
W3 25 88.6 83.5 11 . 8 
W4 40 85 . 8 80.8 8.3 
w4X 0 87-9 80.0 14.3 
A4X 10 85 .4 78.1 10.0 
A3X 25 86.5 77.4 11.8 
A2X 40 86.8 74.1 15 .0 
W2X 10 86.8 80 . 4 11.5 
W3X 25 85.0 79.8 7-8 
WlX 40 86.4 81.0 8.3 
\ 
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5. Exfoliation Corrosion Tests 
Each of the three inch by six inch test panels, had one half the 
length chemically milled in a conventional alkaline chemical milling 
solution to mid thickness. This was done to expose both surface and 
midplane grain boundaries to the conditions of the exf'oliati::m cor::-..:>s ion 
tes t s . The susceptibility of aluminum alloys to exfoliation corrosion 
can vary between surface and midplane areasr 
The entire s~ecimen was then cleaned in the chem-mill solution 
before determining susceptibility to exfoliation corrosion by one of 
the following test methods. 
One panel from each of the reduced specimens along with a control 
panel of both the 0 . 250 and 0 . 390 inch stock in the T6 condition and 
an annealed 0.390 inch thick panel were expqsed to the following two 
exfoliation corrosion test environnlents. 
The f'irst test cons is ted of exposure of the panels to a 5'{, sod-
ium chloride solution made with deionized water and adjusted to a pH 
of 3 .0 with acetic acid. The exposure cycle consisted of a 4~ minute 
spray cycle, followed by a two hour air purge of the chamber and a t hree 
hour and forty five minute period at 40-90% relative humidity. The 
temperature in the chamber was maintained at 95°F.::!:, 5°F. The speci-
mens were placed in the chamber, as shown in Figure 1~ , at a 45° angle 
of inclination with the surface and exposed midplane surface facing 
upward. Exposure time was 30 days. 
The second test was in a more severe environment which consisted 
of a continuous spray of 5% sodium chloride with periodic addition of 
sulfur dioxi de gas (so2) to the chamber. The S02 gas was admitted to 
the 35.7 cubic :foot chamber at a :flow o:f 450 cc/minute over two 30 
31 
FIGURE 16 - Specimen Orientation During Exfoliation Corrosion Tests 
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minute periods, starting at 8:00 o'clock a.m . and 1:00 o'clock p.m. 
each work day, Monday through Friday. During the weekend, the 5% 
sodium chloride spray was continued without the periodic additions of' 
S02 gas. The chamber was continuously purged by forcing air through 
a bubble tower into the chamber at the rate of 19,000 cc/minute. The 
pH of collected fog varied between 1 . 5 and 2.0. The temperature of 
the chamber was maintained at 95°F ~ 5°F. The specimens were again 
placed in the chamber at a 45° angle of inclination with the surface 
and exposed midplane facing upward. Because o:f the severity of this 
test, the specimens were removed after 14 days . 
After the exfoliationtests, the corrosion products were removed 
from the specimens by soaking them for one minute in a 50% solution 
of nitric acid . The specimens were then r insed in water, dried and 
photographed. 
6 . Meta~lographic Evaluation Tests 
Metallographic specimens were then taken from each corrosion test 
panel. The specimens were taken so that both the surface and midplane 
areas could be examined . The metallographic specimens were prepared by 
rough polishingonsilicon carbide paper through 600 grit , followed by 
polishing on a nylon wheel with diamond abrasive. Final polishing was 
accomplished using :first Linde A polishing abrasive and finishing with 
magnesium oxide abrasive . The specimens were then etched with Keller's 
etchant (95~ H20, li HF, 1.5~ HCl, 2 . 5~ HN03). Examination was performed 
on a Bausch and Lomb research metallograph. Photomicrographs at 75X 
were prepared of the most severely exfoliated area on both the surface 
andwidplane on each specimen. The microstructure of each specimen was 
then characterized by preparing a 250X photomicrograph of the structure. 
B. Experimental Results 
1 . General Objectives 
The objective of this evaluation was to develop a T8 condition 
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in commercial 7178 aluminum alloy which retained the mechanical pro-
perties of the. T6 condition but had the improved exfoliation corrosion 
resistance of the special overaged T76 condition . The reduction 
schedules of 1~~ 25%, and 40% were based on the work of McEvilyJ 
Snyder and Clark (25) and McEvily, Clark and Bond (9) which indicated 
signi ficant amounts of reduction we:re requi:red to influence the precipi-
tation pattern enough to improve the materials :resistance to stress 
corrosion cracking) a particular form of interg:ranular corrosion, as 
is exfoli ation corrosion. 
2 . Development of Aging Procedures 
The n1ater ial which was cold rolled in the annealed conditiort and 
then solution heat treated and water quenched, was aged in accordance 
'~i th the standard schedule of 24 to 28 hours at 250 .!. 5°F. The 
material which was cold rolled in the solution heat treated condition 
was aged in accordance with a modified aging schedule . This schedule 
was developed by aging specimens at 250 ~ 5°F for various l engths of 
time and then moni tar ing the Rockwell hardness and electrical con-
ductivity as measured in rfo IACS . An aging time of 17 hours wa s selected 
to provide a hardness equivalent to tne material aged 'in accordance with 
the established aging procedures . The aging time of 17 hours also 
reflected the point immediately prior to the rapid increase in elec-
trical conductivity . It was felt that this point would provide mechani-
cal proper ties equivalent to the T6 condition. The rise in eLectrical 
conductivity subsequent to this point indicates rapid overaging which 
would result in a Teduc.tion in strength, primarily tensile yield 
strength. Figures 6, 7, 8, 13, 14. and 15 show this rise in electrical 
conductivity along with a minor decrease in Rockwell hardness . Selec-
tion of an aging schedule beyond the 17 hours would have resulted in 
lower strength, but improved corrosion resistance because the over-
aging minimizes the potential dii':fer ence between the grain boundaries, 
material adjacent to the grain boundries, and the grains themselves. 
Such a treatment would be similar to the already established over-
aging schedules used to improve the exfoliation corrosion resistance 
but which reduce the strength o:f the material. 
3. Mechanical Pr operties of Cold Reducec Material 
The aging treatment selected resulted in mechanical properties 
which did not vary significantly i'rom the mechanical properties of' 
the material reduced in the annealed condition and solution heat 
treated and aged using the standard aging time. This is depicted 
graphically in Figure 17. 
Therefore, the first objective of' this evaluation was accomplished, 
i . e ., to develop a T8 condition with mechanical properties equivalent 
to those of' the T6 condition . 
4. Ef'f'ect o:f Exfoliation Corrosion Tests on Annealed 0 . 390 Inch 
Thick l-1aterial 
The 0 . 390 inch thick annealed material exposed to the two exfol-
iation corrosion tests showed no exfoliation in the acidified salt 
spray test but did exhibit a minor amount of' pitting at midplane . In 
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FIGURE 17 -Graph of Mechanical Properties versus Percent Reduction 
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evident at midplane . Metallographic examination of this specimen 
after exposure to both corrosion tests is shown in Figure 18. 
5. Effect of Exfoliation Corrosion Tests on Cold Reduced 0 . 390 
Inch Thick Material 
The 0.390 inch thick material control specimen was slightly 
exfoliated at both the surface and midplane and pitted on both the 
surface and midplane areas 1 as illustrated in Figure 19, by the 
acidified salt spray tests . The NaCl plus 802 eas environment pro-
duced even greater exfoliation corrosion as demonstrated in Figure 20. 
The specimen reduced 10% in the annealed condition and then 
solution heat treated and aged was pitted sli~ht1Y more than the 
control specin.en in the acidified salt spray but the exfoliation 
attack remained about the same. The exfoliation corrosion attack 
in the NaCl plus 802 gas environment was more severe than on the 
control specimen . Figure 21 illustrates the severity of attack 
caused by the acidifled salt spray and Figure 22, the attack caused 
by the more severe NaCl plus S02 gas test environt:Jent. 
As the amount of reduction increased to 25% and 40%1 the exfol-
iation corrosion resistance began to improve as de~onstrated in 
Figures 23 through 26. The material reduced 40i in the annealed 
condition pitted severely in the acidified salt spray but did not 
exfoliate. A slight amount of exfoliation, less than on the control 
specimens, was evident on the specimen exposed to NaCl plus 802 gas. 
The specimens reducedle% and 25% in the solution heat treated 
condition and aged after cold reduction exfoliated as severely in 
the acidified salt spray environment, Figure 27 and 29, as the 
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Surface After Sodium Chloride 
Plus Sulfur Dioxide Gas 
Corrosion Test 
MAG. 75X 
Microstructure of Annealed 
0.390 Inch Thick Specimen 
MAG. 250X 
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Surface After Acidified Sodium 
Chloride Corrosion Test 
MAG. 75X 
Midplane After Sodium Chloride 
Plus Sulfur Dioxide Gas 
Corrosion Test 
MAG. 75X 
FIGURE 18- Specimen AS After Exposure to Both Exfoliation Corrosion Tests 
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Reduced 30% 
Surface MAG. 75X 
Midplane MAG. 75X 
FIGURE 19- Specimen A4 After Exposure to Acidifi ed Sod ium Chloride Corrosion Test 
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Reduced 50% 
Surface MAG. 75X 
· Midplane MAG. 75X 




Surface MAG. 75X 
Midplane MAG. 75X 




Surface MAG. 75X 
Midplane MAG. 75X 
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Surface MAG. 75X 
Midplane MAG. 75X 
FIGURE 24 - Specimen A3 After Exposure to Sodium Chloride Plus Sulfur Dioxide Gas Corrosion Test 
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Reduced 30% 
Surface MAG. 75X 
Midplane MAG. 75X 
FIGURE 25- Specimen A 1 After Exposure to Acidified Sodium Chloride Corrosion Test 
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Reduced 50% 
Surface MAG. 75X 
Midplane MAG. 75X 
FIGURE 26 - Specimen A 1 After Ex posure to Sodium Chloride Plus Sulfur Dioxide Gas Corros ion Test 
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Reduced 30% 
Surface MAG. 75X 
Midplane MAG. 75X 
FIGURE 27 -Specimen Wl After Exposure to Acidified Sodium Chloride Corrosion Test 
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Reduced 50% 
Surface MAG. 75X 
Mi.dplane MAG. 75X 
FIGURE 28 - Specimen Wl After Exposure to Sodium Chloride Plus Sulfur Dioxide Gas Corrosion Test 
Reduced 30% 
Surface MAG. 75X 
Midplane MAG. 75X 
FIGURE 29- Specimen W3 After Exposure to Acidified Sodium Chloride Corros ion Test 
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specimen reduced lfY/, and 25:j, in the annealed condi. tion did in the n1ore 
severe NaCl plus S02 gas environment. No pitting was evident. 
Extremely severe attack was caused by the IfaCl plus so2 gas environ-
ment as shown in Figures 28 and 30 . 
As tbe reduction in the solution heat treated condition was 
increased to 40% severe ex:foliation attack occurred in both tests as 
shmm in Figures 31 and 32. 
Table IV sum:narizes the type and sever l ty oi' corrosive attack ln 
each environment :for all the 0.390 inch thick specimens . 
6. Ef'.fect of' Exfoliation Corrosion Tests on Cold RedUced 0 . 250 
.Inch 'J;lhick Material 
The 0 . 250 inch thick material control specimen pitted severely 
in the acidified salt spray environment, Figure 33, hut the degree of 
exfoliation was no more severe than on the 0. 390 inch thick material 
control specimen . However, the exfoliation attack in NaCl plus S02 
gas was considerably more severe, Figure 34, approaching the most 
severe exfoliation corrosion evidenced on any of the thicker specimens. 
As the amount of reduction increased~ the pitting and exfoliation 
attack in the acidified salt spray lessened, Figures 35, 37 and 39. 
The severity of exfoliation corrosion caused by the NaCl plus S02 
gas on the surface of these same specimens was reduced as the amount 
of cold reduction increased; however, the attack at midplane improved 
only slightly, Figures 36, 38, and 40 . Even though the exfoliation 
attack at rrtidplane was seiler e on these specimens which were reduced 
in the annealed condition, it was not as severe as the attack on the 
control specimen . 
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Reduced 50% 
Surface MAG. 75X 
Midplane MAG. 75X 
FIGURE 30- Specimen W3 After Exposure to Sodium Chloride Plus Sulfur Dioxide Gas Corrosion Test 
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Reduced 30% 
Surface MAG. 75X 
Midplane MAG. 75X 
FIGURE 31 -Specimen W4 After Exposure to Acidified Sodium Chloride Corrosion Test 
52 
Reduced 50% 
Surface MAG. 75X 
Midplane MAG. 75X 
FIGURE 32 - Specimen W4 After Exposure to Sodium Chloride Plus Sulfur Dioxide Gas Corrosion Test 
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TABLE IV 
RESULTS OF EXFOLIATION CORROSION TESTS 
MATERIAL REDUCED FROM 0. 390 INCH 
Environment 
pecimen Reduction Acidified Salt Salt Spray + S02 
No. (i) Location Pitting Exf'oliation Exf'oliation 
A4 0 Surface 2 1 2 
Midplane l 1 3 
A2 10 Sur:face 3 1 4 
Midplane 1 0 5 
A3 25 Surf ace 3 l 4 
Midplane 1 l 4 
Al 40 Surface 3 0 1 
Midplane 5 0 3 
Wl 10 Surf' ace - 2 8 
Midplane - l 7 




W4 40 Surface 




A5 0 Surface l 
- -
Midplane 1 - l 
£Ki'oliation and Pitting Rating 
l = Minor 
! 
10 = Most Severe 
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Reduced 30% 
Surface MAG. 75X 
Midplane MAG. 75X 
FIGURE 33 -Specimen W4X After Exposure to Acidifie·d Sodium Chloride Corrosion Test 
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Reduc:ed 50% 
Su rfac:e MAG. 75X 
Midplane MAG. 75X 
FIGURE 34- Specimen W4X After Exposure to Sodium Chloride Plus Sulfur Diox ide Gas Corrosion Test 
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Reduced 30% 
Surface MAG. 75X 
Midplane MAG. 75X 
FIGURE 35- Specimen A4X After Exposure to Acidified Sodium Chloride Corrosion Test 
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Reduced 30% 
Surface MAG. 75X 
Midplane MAG . 75X 
FIGURE 36 -Specimen A4X After Exposure to Sodium Chloride Plus Sulfur Dioxide Gas Corros ion Test 
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Reduced 30% 
Surface MAG. 75X 
Midplane MAG. 75X 
FIGURE 37 - Specimen A3X After Exposure to Acidified Sodium Chloride Corrosion Test 
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Reduced 30% 
Surface MAG . 75X 
Midplane MAG. 75X 
FIGURE 38 -Specimen AJX After Exposure to Sodium Chloride Plus Sulfur Dioxide Gas Corrosion Test 
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Reduced 30% 
Surface MAG . 75X 
Midplane MAG. 75X 
FIGURE 39 -Specimen A2X After Exposure to Acidified Sodium Chloride Corrosion Test 
61 
Reduced 30% 
Surface MAG. 75X 
Midplane MAG. 75X 
FIGURE 40 - Specimen A2X After Exposure to Sodium Chlori de Plus Sulfur Dioxide Gas Corrosion Test 
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The 0.250 inch thick material reduced in the solution heat treated 
:onditionl0%and 25i was pitted less but exfoliated more severely, 
~'tgures 41 and ~-3, in the acidified salt spray than the unreduced 
!ontrol specimen. The e:xf'o'liation corrosion attack on these specimens 
Ln the NaCl plus 802 gas test increased dramatically, Figures 42 and 
tl,., exceeding the most severe exfoliation attack found in any of the 
:hicker specimens. The 0.250 inch speci~en reduced 4oi in the solution 
:1ea,t treated condition exhibited very severe ex:fol.iation in the acidi-
fied salt, Figure 45, and the most severe exfoliation found on any 
specimen in the NaCl plus S02 gas environment, Figure 46. 
Table V summarizes the type and severity of' corrosive attack 
caused by each environment :for all the 0.250 inch thick specimens. 
1· Additional Effects of Exfoliation Corrosion Tests 
.In addition to pitting and surlace and midplane exfoliation caused 
by both corrosive environments~ some specimens exfoliated severely 
enough at midplane to be classified at "midplane crackingn. A summary 
of the specimens which exhibited widplane cracking is presented in 
Table VI. All of the 0 . 390 inch thick material reduced in the solution 
heat treated condition, "cracked" in both the acidified salt and in 
the NaCl plus 802. gas environments. The cold reduced 0.250 inch 
thick material, reduced in the solution heat treated condition, showed 
ohly minor to moderate ''midplane cracking" in the NaCl plus S02 gas 
tests . The "midplane cracking" is severe exfoliation attack at the 
radius of the specimens and demonstrates the reduction in structural 
integrity which can result from this type attack. Examples of the 
type of' "midplane cracking" experienced are shown in Figure 47 . 
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Reduced 30% 
Surface MAG. 75X 
Midplan.e MAG. 75X 
FIGURE 41 -Specimen W2X After Exposure to Acidified Sodium Chloride Corrosion Test 
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Reduced 50% 
Surface MAG. 75X 
Midplane MAG. 75X 





Midplane MAG. 75X 
FIGURE 43 -Specimen W3X After Exposure to Acidified Sodium Chloride Corrosion Test 
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Reduced 50% 
Surface MAG. 75X 
Midplane MAG. 75X 
=tGURE 44 - Specimen W3X After Exposure to Sodium Chloride Plus Sulfur Dioxide Gas Corrosion Test 
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Reduced 30% 
Surface MAG. 75X 
Midplane MAG. 75X 
FIGURE 45 -Specimen WlX After Exposure to Acidified Sodium Chloride Corrosion Test 
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Reduced 50% 
Surface MAG. 75X 
Midplane MAG. 75X 
IGURE 46 -Specimen WlX After Exposure to Sodium Chloride Plus Sulfur Dioxide Gas Corrosion Test 
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TABLE V 
RESULTS OF EXFOLIATION CORROSION TESTS 
MATERIAL REDUCED FROM 0.250 INCH 
Environment 
Specimen Reduction Acidified Salt Salt Spray + S02 
No. (%) Location Pitting Exfoliation Exfoliation 
W4X 0 Surface 5 1 5 
Midplane 3 l 7 
A4X 10 Surface 2 1 3 
Midplane 1 2 7 
A3X 25 Surface 1 1 3 
Midplane 0 1 6 
A2X 40 Surface l 0 1 
Midplane 1 0 5 
W2X 10 Surface l 3 8 
Midplane 2 2 8 
W3X 25 Surface 1 2 9 
Midplane 1 3 9 
WlX 40 Surface - 6 10 
Midplane - 7 10 
Exfoliation and Pitting Rating 
l = Hinor 
1 10 = Most Severe 
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TABLE VI 
NIDPLANE CRACKING RESULTS 
;>ecimen Reduction Environment 
No . (%) Acidified NaC1 NaC1 + so~ 






A3X 25 I A2X 40 
Wl 10 Severe Very Severe 
'¥3 25 l l W4 40 
W2X 10 None Minor 
W3X 25 Minor Moderate 
WlX 40 None None 
A5 0 None None 
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None - Specimen A4 - Acidified Sodium Chloride - MAG.75X 
-Sodium Chloride Plus Sulfur Dioxide Gas -MAG. 75X 
Very Severe - Specimen W3- Sodium Chloride Plus Sulfur Dioxide Gas -MAG. 75X 
FIGURE 47 - Exomples of Midplane Cracking 
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8 . E:ff'ect of' Cold Reduction on the Microstructure of' Each Specimen 
To determine the e~fect or the various amounts of cold reduction 
n the microstructure_, each specitcen was examined at 250X. The 10% 
eduction given the annealed 0.390 inch thick material resulted in 
arger grains after the solution heat treatment and aging cycle than 
he control specimen. Some evidence of' recrystallization was evident . 
~e specimen reduced 25~, then heat treated and ~ed showed definite 
·ecrystallization ~hich resulted in a smaller grain siz.e than the control 
;pecimen. The specimen reduced 4~ was recr.ystallized and produced a 
imaller, much less directional grain structure . The specimen showing 
~he greatest amount of recrystallization also had the most resistance 
jo exfoliation corrosion attack. A comparison of these microstructures 
~re shown in Figure 48. 
The 0.390 inch thick specimens reduced lei, g5~ and ~ in the 
solution heat treated condition and onlY aged at 250°F af'ter cold 
reduction s howed a progressively more directional grain structure 
as the amount of' cold reduction increased. These specimens also 
exhibited grains indicative of' a highly worked structure as shown in 
Figure 49. These specimens were considerably more susceptible to 
exfoliation corrosion attack than the specimens ~hich were solution 
heat treated, 870oF, and aged after cold reduction. 
The 0.250 inch thick material reduced 1~ and then solution heat 
treated, .870°F, and aged, had a larger, less directional grain struc-
ture than the control specimen. The specimen reduced 25~ showed def'i-
nite signs of recrystallization. The specimen reduced 4~ demonstrated 
a large degree of recryst~llization exhibiting a very uniform, non-










!.peci men A3 
25% Reduction 
MAG. 250X 
FIGURE 48 -Microstructural Comparison o·f 0.390 inch Thick Material 




MAG . 250X 
Specimen W4 








FIGURE 49 - Microstructural Comparison of 0.390 Inch Thick Material 
Reduced in the Solution Heat Treated Condition 
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·osion was greatly improved . The microstructures are shown in 
tre 50. 
15 
The 0 . 250 inch thick material reduced in the solution heat treated 
Ution and only aged af'ter reduction exhibited very directional, 
:lly worked grains which demonstrated progressively less resistance 
ex~oliation corrosion attack. These microstructures are shown in 
Lire 51• 
Sped men A4X 
10% Reduct ion 
MAG. 250X 
Specimen A2X 
40% Redu ct ion 
MAG. 250X 






FIGURE 50 -Microstructural Comparison of 0.250 Inch Thick Material 














FIGURE 51 - Microsturctural Comparison of 0.250 lnch Th ick Material 
Reduced in the Solution Heat Treated Condition 
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IV. CONCLUSIONS 
The Effect o:f Thermal-Mechanical Processing on the Strength of 
7178 Aluminum Alloy 
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It has been demonstrated that by al~ering the aging schedule for 
~ial deformed in the solution heat treated condition that a high 
~ngth condition can be maintained . Deformation in this evaluation 
3isted of reducing the material 10%, 25~, or ~ and then ~ing at 
conventional aging temperature of 250 ~ 5°F for shorter aging 
cs. The strength of the T6 condition was successfully maintained 
the material aged to the T8 condition, and the cold reduction did 
impair the ductility of the material~ 
The difference in Rockwell "Bu hardness between the ••as-quenched" 
.di tion and before aging, :for the material reduced in the annealed 
.dition, is probably a result of GP zone :formation due to ~ days 
room temperature aging. The hardness increase for the material 
meed in the solution heat treated condition is a result of both 
cold ~ork and GP zone formation . 
The more rapid ·increase in electrical conductivity as artificial 
Lng begins, for the material reduced in the solution heat treated 
1dition, results from the accelerated aging due to the induced cold 
rk in this material. 
The Effect o:f Thermal-Mechanical Processing on the Exfoliation 
Corrosion Resistance of 7178 Aluminum Alloy 
The primary objective of this evaluation was to improve the 
foliation corrosion resistance o:f the 7178 aluminum alloy b.Y 
ducing additional nucleation sites adjacent to the grain boundaries, 
19 
·eby reducing the width of the PFZ. I:f the width of the PFZ is 
teed, and the grain boundaries are jogged, the electrochemical 
lie path required for exi'oliation corrosion to proceed should be 
!rrupted and make attack more ~i:f:ficult. Since electron micro- · 
)y was not available for this study, the :following conclusions 
based on the work of' other investigators (3, 9, 18, 25) vho per-
1ed electron microscopy on aluminum alloys~ cold reduced in the 
1tion heat treated condition. 
In this evaluation, all the material reduced in the annealed 
iition exhibited strain f'ree grains a:fter solution heat treatment 
370°F, water quenching, and aging at 250°F. In this material, it 
~ssumed that the width of the PFZ remained :fairly constant and the 
r variable which would influence exfoliation corrosion was the 
-
ln shape and size. For both thicknesses o:f material, the exfoli-
)n corrosion resistance improved as the grain size became strain 
~, smaller and more equiaxed. This is in agreement with the work 
~if'ka and Sprowls (3) which concludes that certain mill products 
~ a grain structure which is optimized :for exfoliation corrosion 
JCcur . Other mill products, where recrystallization occurred to 
iuce an equiaxed grain structure, bad improved ex::f'bllation cerro-
n resistance. 
The mate~ial reduced in the solution heat treated condition is 
umed to have additional nucleation sites induced adJacent to the 
in boundaries ( 9, 25) which would allow increased precipitation 
occur thereby reducing the width of' the PFZ. This should, as 
viously stated, result in an electrochemical anodie path: vhich is 
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difficult for exfoliation or intergranul.ar corrosion to follow. 
·er, exfoliation has also been reported {3) to follow stri ations 
.n grains . The material, reduced in the solution heat treated 
.tion~ exhibited increasingly directional, highly strained grains 
le amount of cold reduction was increased. As the directionality 
tmount of work in the grains increased~ the material's resistance 
cfoliation corrosion decreased~ It therefore appears that in the 
series of' aluminum alloys, resistance to exfoliation corrosion 
)re dependent upon grain size and .shape, .and upon the subgrains, 
:1tions ~ and other strain induced anomalies within the grains than 
the width of the PFZ, which had been consi dered the primary electro-
ical anodic path along which exfoliation proceeded. 
It has been assumed, in the past, that the mechanism which pro-
s exfoliation corrosion is similar to the one which causes stress 
osion cracking in the 7000 series aJ.u.nrl.num alloys. That i s, the 
ary corrosion path is along the P.FZ. There~ore, reduci ng the 
-h of the PFZ or equalizing the potent ial difference between the 
the grains, and the material adjacent to the grain boundries, 
.s accomplished by the specially developed aging treatment, will 
·ove the material~resistance to stress corrosion cracking and 
;equently to exfoliation corrosion . However, this work indicat es 
1cing the width of the PFZ alone, as was accomplished in the material 
i reduced in the solution heat treated conditi on, does not inhibi t 
reduce a material's susceptibility to ext'oliation corrosion. 
ther el ectrochemical anodic path, just as favorable as the PFZ 
t be present in the material lbich was only artifically aged after 
81 
~duction. Since the exfoliation corrosion r esistance decreased 
percentage of cold reduction of the solution heat treated 
9.l increased, favorable corrosion path must have been intra-
e.g., subgrains, ptriations within grains, etc. 
hese conclusions are consistant with the fact that the overaging 
ents developed to improve exfoliation corrosion have only been 
ally successful. In some 7178 aluminum alloy material these 
~nts are successfUl in providing improved resistance to exfol-
corrosion, while in others tbe extended aging does not improve 
~oy's exfoliation corrosion resistance. Jn addition, some 7178 
tum alloy material in the high strength, artificially aged, T6 
;ion has been found to be as resistant to exfoliation corrosion 
! material aged to the special condition. 
ro determine the exact path along which the exfoliation corrosion 
>gressing, it is suggested that any :future work on this subject 
le e l ectron microscopy . It is felt that only after this path is 
t.ea can effective action be taken to aevelop treatments wbicb 
i completely or inhibit exfol iation corrosion. 
rhis work also indicates that a mill reduction schedule could be 
oped for each thickness of P.late material between 0.150 to 0 . 750 
s, the most susceptible thickness range, to induce enough work into 
aterial to et"fect recrystallization during the s ubsequent solution 
treatment cycle. This technique would result in material which 
mproved resistance to exfoliation corrosion without incurring 
trength loss by devel oping strain free, equiaxed grains during the 
;ion heat treating cycle. 
!82 
Lastly) this evaluation has demonstrated that the NaCl pl us S02 
3 a considerably more severe environment for evaluation of a 
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